A considerable amount of attention has focused on the cardiovascular events associated with ethanol consumption. The available evidence suggests that moderate ethanol consumption is associated with reduced risk of coronary heart disease, i.e., vessel events. In contrast, this review is primarily concerned with ethanol and heart muscle damage. Clinical features of the consequences of prolonged and excessive ethanol consumption encompass defects in myocardial contractility and derangement of cellular architecture, including disarray of the contractile elements. Although the incidence of heart muscle abnormalities in alcohol misusers is generally higher than previously considered, the mechanisms are only just being elucidated. This process has been facilitated by laboratory based studies in which animals receive either a single dose of ethanol (acute studies) or a continuous supply of ethanol in their daily diets (chronic studies). Results from these models show that acute ethanol dosage causes a marked decrease in the synthesis of contractile proteins. This occurs in the absence of overt mitochondrial abnormalities: ATP concentrations are generally unaffected. Paradoxically, the synthesis of mitchondrial proteins is reduced. Use of metabolic inhibitors suggests that the deleterious effects of acetaldehyde contribute to these reductions in protein synthesis. In chronic studies, ethanol causes a reduction in the amount of contractile proteins, and two dimensional protein profiling implicates selective loss of individual myocardial proteins. The differential activities of lysosomal proteases may contribute to this patterned response. However, in chronic ethanol feeding, adaptive mechanisms also become important, as the synthesis of the myofibrillary proteins increases. Overall, the mechanisms inherent in these biochemical responses may contribute to the genesis of a distinct disease entity, alcoholic heart muscle disease.
Introduction
Throughout this review the terms ethanol and alcohol are used interchangeably.
There seems little doubt that moderate ethanol consumption is associated with a reduction in some cardioAbbreviations: k,, fractional rate of protein synthesis; SfRNA, specific radioactivity of amino-acyl-tRNA; Si, specific radioactivity of free amino acid in intracellular pools; S,, specific radioactivity of free amino acid in extracellular Poolsincidence of coronary heart disease is reduced by moderate consumption, (e.g., 4-5 drinks per day), there is a marked increase in the incidence of all cancers, cerebra-vascular disease and accidents in those who drink these quantities. This effectively negates the apparent beneficial effects of moderate ethanol consumption [3] . In this context, Glucksman [4] has recently reviewed the fact that in the UK up to 500000 annual admissions to hospitals are alcohol related (i.e., 40% of total hospital admissions) and similar figures have been obtained from studies in the United States. In casualty departments, up to 80% of admissions are alcohol related [4] . Whilst the debate on the relative merits of moderate ethanol consumption continues, a distinction should be made between the effects of alcohol on coronary vessel events and its effects on the heart muscle per se. Heart muscle defects in response to ethanol range from reduced contractility in response to acute dosing [5] to the changes in atria1 and ventricular size in response to chronic ethanol intake [6] . Although these latter examples encompass gross functional or dimensional changes, this review focuses almost exclusively on biochemical mechanisms that may be responsible for these alterations. Although ethanol-induced heart damage has been the subject of previous reviews [7-101 the present analysis incorporates more recent data which seem to indicate that the relationship between ethanol and ethanol-induced heart muscle disease is more complex than previously considered. It involves selective effects on individual proteins by a mechanism unrelated to energy availability, but definitely as a consequence of protein turnover modulations.
Prevalence of alcohol-induced pathologies
The exact extent of ethanol misuse is difficult to quantify due to the various ways in which it has been assessed.
For example, misuse can be defined in terms of psychiatric, social and pathophysiological criteria. The classification of social difficulties may include straining of family or work relationships, and law contraventions [4] . Psychiatric disturbances are well characterised, and include anxiety and depression. Organic brain or neurological abnormalities may be contributory processes in a proportion of patients with psychological dysfunction [ 11,121. The outward symptoms of addiction are also well highlighted and include craving and fits, especially upon acute alcohol withdrawal [ 111. The variety of pathologies associated with ethanol consumption highlights an important criticism of other reviews into pathophysiological processes. This is the failure to place into context the prevalence of specific and associated diseases. Organ-specific disorders due to ethanol include involvement of the liver [ 131, gastrointestinal tract [ 141, brain [ 12,151, muscoskeletal system [ 16,171, endocrine-metabolic axis [18] as well as foetal abnormalities (including specific effects on the heart; [ 191) . Derangements of the immunological system give rise to infections and an increased incidence of neoplastic changes [20] . Finally, in the adult, the heart itself is adversely affected by alcohol misuse.
Cardiac abnormalities in chronic alcohol abusers
A suitable starting point in this regard is the study by Bertolet et al. [21] who examined left ventricular function in 204 consecutive chronic ethanol misusers who were attending a substance abuse programme. All the subjects had normal physical examinations, and abnormalities of the ECG were found in only 4% of subjects. However, radionuclide angiography showed derangements of left ventricular ejection fraction and regional wall motion in 19% of patients [21] . These data accentuate an important issue, namely how alcohol-induced heart muscle disease is measured and defined. Richardson et al. [22] and Richardson and Wodak [23] have defined alcoholic heart muscle disease (AHMD) as occurring in patients in whom the sole causative agent is excessive ethanol consumption with an alcohol intake of greater than 80 grams of ethanol a day for 10 years or more, or a cumulative lifetime alcohol intake exceeding 250 kg. AHMD is characterized by cardiomegaly, dilatation of the left ventricle and ventricular hypocontractility. There are pathological alterations in left and right ventricular tissue with dysrhythmias (including sinus tachycardia, extrasystoles, or atria1 fibrillation) and complaints of fatigue or breathlessness [22, 23] . Features of heart muscle changes in AHMD include histological derangements in myofibrillary architecture, mitochondrial abnormalities, widening of the gap junction and alterations in the sarcoplasmic reticulum [24, 25] . Fibrosis, increased lipid deposits and inflammatory infiltrates are seen, especially in the later stages [24, 25] . Overall the features are similar to those seen in dilated cardiomyopathy and eventually heart failure may ensue [22, 23] .
The changes in the heart muscle are generally complex. Electron microscopy of cardiac tissue from chronic ethanol abusers (duration of AHMD ranged from 2 to 10 years) revealed abnormalities of the contractile elements, that varied from one region to another [24] . These included separation of filaments and loss of striations [24] . In overtly damaged myofibrils, mitochondrial abnormalities were also apparent [24] . Although these changes are ascribed to the effects of chronic ethanol consumption, moderate amounts of alcohol can also cause functional impairments 126,271. This includes a reduction in the ejection fraction as little as 30 min after alcohol consumption (mean plasma ethanol levels of approx 25 mmol/l; [27] ).
Investigative studies into the mechanisms involved can be approached at various levels, either at the gross nutritional, physiological or mechanical level or at the more detailed biochemical, cellular or molecular level. It is possible to speculate that the mechanisms of heart muscle disease may have features in common with other organ-specific diseases induced by ethanol [7] . Some possible mechanisms are detailed below.
Nutritional contributions
There is no doubt that nutritional abnormalities or limitations induce specific heart muscle disorders. Thiamine deficiency, for example, may give rise to beri-beri which is associated with congestive heart failure, although this is reversible [28] . In general, at least in the developed countries, beri-beri-associated heart muscle damage occurs very infrequently [29] . However, beri-beri may be a relatively frequent finding in some disparate sub-populations [30] . Alcohol-related cobalt-induced cardiotoxicity is now rare. It was subsequently found that the cobalt used as a foaming agent was the cause of beer-drinkers heart [31] .
The role of nutritional inadequacies in the etiology of most alcoholic heart muscle disease has now generally been refuted by use of models entailing experimentally induced cardiac muscle damage in laboratory animals. In these, the feeding regimes have been strictly controlled, confirming the development of AHMD as being independent of malnutrition [32] . Similar conclusions have been drawn from clinical studies where nutritional status was examined by dietary recall or by analysis of specific markers of nutritional status and by anthropometry [33-351. However, this does not preclude the possibility that hitherto un-investigated defects in nutritional handling (for example malabsorption from gastrointestinal defects) or perturbations in the metabolism of nutrients may contribute to heart muscle disease.
Biochemical abnormalities
Numerous hypotheses have been put forward to explain the genesis of AHMD, but have been handicapped by the complexity of ethanol metabolism. For example, free radicals, acetaldehyde and altered endocrine status have all been implicated in the pathogenesis of liver abnormalities in alcoholism [13] . It is probable that some of these processes may also occur in heart muscle and indeed a variety of metabolic changes occur in the heart. These include, for example, defects in the plasma membrane of the heart [36] or increased free radical activity [37] which may be of importance in other heart muscle diseases [38] . Additional biochemical defects have been reviewed [39] . However, any loss of tissue components that contain protein, such as mitochondrial and contractile elements, must be explained by changes in protein turnover.
Protein turnover
The process whereby ethanol might alter cardiac protein metabolism is in the following pathway: DNA-> RNA -> protein. However, whilst some recent approaches to the study of disease involve the study of specific mRNA levels, this method does not provide any information on the rate at which proteins are accrued in heart muscle. This can only be determined by accurately measuring the rate of peptide bond formation (i.e., protein synthesis) or by changes in peptide bond breakdown.
In other words, changes in heart protein content must be explained by BOTH synthetic and degradative pathways. This introduces the concept of protein turnover, which is defined as the dynamic process whereby tissue (i.e., heart) proteins are continually being formed and degraded. In the steady state the rate of protein synthesis equals the rate of protein breakdown. However, there are no reliable methods for measuring cardiac protein breakdown rates in vivo although lysosomal and non-lysosomal enzyme activities may be used as an index of degradative capacity. It is not unreasonable to assume that protein degradation may be affected by ethanol, as microscopic studies have indicated increased number of lysosomal structures in the ventricular tissue of patients with alcoholic heart muscle disease [24] .
Indices of cardiac protein breakdown in alcoholism
Studies in ethanol-treated rats have suggested that alterations in lysosomal enzyme activity may be a contributory factor in the development of chronic alcoholic heart muscle disease. In acute dosage studies, ethanol has no effect on the activities of the lysosomal enzymes cathepsin D and cathepsin H [40] . Neither are there any alterations in the compartmentalization (i.e., the distribution of activity between free and latent enzyme) of cathepsin D and H activities. Marked alterations were, however, observed in response to chronic (i.e., 6 weeks) feeding, with a reduction in free cathepsin H activity. In contrast, free cathepsin D and B activities were increased in rats fed ethanol-containing diets for 6 weeks [40] . The total cathepsin D and B activities were also increased, but latent activity was not overtly altered in rats chronically fed ethanol, when compared to glucose-fed controls [40] . This suggests that chronic ethanol toxicity has differential effects on the various proteolytic compartments.
Protein synthesis studies: techniques and approaches
The possibility that reduced contractility and myofibrillary derangements are due to changes in the synthesis of the proteins was originally proposed by Schreiber et al.
[41-431. They found that the synthesis of myocardial proteins in vitro was unaffected by physiological levels of ethanol (50 mmol/l) although supra-physiological concentrations (140 mmol/l) were inhibitory. These studies have already been reviewed [44] . In contrast, the in vivo studies of Tieman and Ward [4.5] showed that a single bolus of ethanol (to achieve plasma ethanol concentrations of 50 mmol/l) did not significantly reduce cardiac protein syn-thesis, although there was a trend for protein synthesis to fall. The main criticism of these earlier in vivo studies relates to the method of measuring protein synthesis, namely via the constant infusion technique. The limitations of this methodology have already been discussed by Garlick et al. [46] . In brief, rates of protein synthesis can only be measured accurately if consideration is taken of the precursor (i.e., the amino-acyl-tRNA; S,,,,) and the product. Administered radio-labelled amino acids enter both the intracellular and extracellular pools, and these are often taken to represent the amino-acyl-tRNA. On a practical basis, the specific radioactivity of the free amino acid in either acid-soluble fractions of tissue homogenates (Si> or plasma (S,) are taken to represent the intracellular and extracellular compartments, respectively. This is an approximation, and methodological errors arise when there are large differences between the values of Si and S,, a particular problem with the constant injaion method [46, 47] . Far more reliable and accurate rates of protein synthesis are obtained with the j7ooding dose technique. In the ensuing studies the above limitations were addressed by studies in intact rats, i.e., concomitant in vivo studies and the use of the flooding dose method for measuring rates of protein synthesis. In this technique rates of peptide formation are expressed as fractional rates, namely the percentage of the protein pool renewed each day (i.e., k,, %/day; [9, . In the rat, k, values range from approx 25%/day (post weaning, rapidly growing) to S%/day (adult, non-growing). However, there is regional variability (for example higher rates in the atria compared to the ventricles) and there is reason to suppose that similar age or regional-dependent variability occurs in man.
Reductions in protein synthesis induced by ethanol
The initial studies in this area attempted to mimic some of the experimental conditions used by Tieman and Ward [45] with an acute bolus of ethanol so that plasma levels of approximately 50 mmol/l were obtained after 2.5 h. Fractional synthesis rates of mixed proteins (i.e., composite mixture of all contractile, non-contractile and stromal proteins) fell from a mean of 18.4 + 0.3%/day to 14.5 f 0.4%/day (data as means + s.e.m.; P < 0.001; [49] ). However, although these results present evidence of an effect on heart muscle protein synthesis in vivo, they raise the question of whether ethanol itself or one of its metabolites was inducing the changes observed. Resolving this question by administration of acetaldehyde is impractical because acetaldehyde is extremely toxic, intensely chemically reactive and can only be given to rats in small doses. However, the use of metabolic inhibitors has facilitated investigative studies in this area. concentrations in vivo after administration of either ethanol or ethanol plus cyanamide pretreatment. Acetaldehyde levels rose from 8-23 ,umol/l (ethanol treatment alone) to 513-686 pmol/l (ethanol plus cyanamide). In a separate study k, values of 24.0 + 0.9%/day were obtained in saline-treated rats, compared with 18.8 & 1.2%/day in ethanol-injected rats, and 18.9 f 1.5%/day in ethanoltreated rats pre-injected with the alcohol dehydrogenase inhibitor 4-methylpyrazole (P < 0.01 compared to salineinjected controls, in both instances; [54]). A staggering reduction in protein synthesis was observed when ethanoltreated rats were pre-treated with the acetaldehyde dehyrogenase inhibitor cyanamide, i.e., k, values of 4.8 & 0.8%/day were attained (P < 0.001 compared to salineinjected controls; [54]). A similar pattern of responses was observed when the synthesis of contractile proteins was examined (Fig. 1, [54] ). The conclusion drawn from these observations was that inhibition of acetaldehyde formation reduces k,, implicating ethanol per se as perturbing k,, but acetaldehyde per se also plays a part in the development of heart muscle abnormalities as repression of k, occurs when acetaldehyde levels were raised by cyanamide pre-administration.
The synthesis of mitochondrial proteins in vivo
Although some studies, unrelated to alcohol research, have measured the synthesis of contractile proteins, there is surprisingly very little reliable data on the synthesis rates of mitochondrial proteins in normal hearts in vivo. Myocardial mitochondria are located just beneath the sarcoplasmic membrane, i.e., subsarcolemmal mitochondria, or dispersed in between the myofibrils, i.e., interfibrillar mitochondria [55] . Although the synthesis of this organelle has been previously measured [56-581, the methods used are now considered to embrace some anoma- lous methodology or have failed to separate the subsarcolemmal and interfibrillar organelle populations. Nevertheless, on a practical basis, the isolation of interfibrillar mitochondria involves treatment of the cardiac homogenate with the proteolytic enzyme Nagarse: sub-sarcolemma1 mitochondria can be released by polytron treatment [59] . Siddiq et al. [59] showed that the synthesis rates of sub-sarcolemmal and interfibrillar mitochondrial proteins were depressed by 23% (P < 0.01) and 26% (P < 0.011, respectively ( Fig. 2 ; [59] ) with acute ethanol treatments. Measurement of succinate dehydrogenase activities authenticated the purity of the mitochondrial isolation procedures which was also confirmed by electron microscopy [59] . It is well established that mitochondria occupy between a third and one half of heart volume, and produce the majority (i.e., 90%) of cardiac energy generation [60] . The results of Siddiq et al. [59] additionally showed that the synthesis of mitochondrial proteins is approximately a fifth of total heart protein synthesis.
The reduced synthesis rate of the mitochondrial proteins in response to acute ethanol exposure may be, in some way, connected with the depression in myocardial contractility and associated functional damage to mitochondrial metabolism. The relevance of these studies relates to the observation that the deleterious effect of ethanol on heart mitochondria appears to be a frequent finding [24, 61] . In acute studies in vitro, fusion of mitochondria, disappearance and fragility of the outer mitochondrial membrane and the presence of giant mitochondria with enlarged cristae occur [62] . Acute administration of ethanol in vivo induces swelling of heart mitochondria with disruption of the cristae [63] . These defects in the mitochondrial structure may be contributory mechanisms in the genesis of contractile abnormalities by affecting energy coupling.
Nucleotide status: an index of mitochondrial function?
The hypothesis that nucleotide composition may be altered in response to ethanol administration has been assessed in both chronic and acute ethanol dosage studies in the rat [64, 65] . In chronic studies ventricular adenine nucleotides, ATP, ADP, AMP, NAD+, ATP ratios and the energy charge showed no alteration after 6 weeks of alcohol feeding [64] . Light and electron microscopy sections indicated very little structural damage to muscle fibres and organelles (especially the mitochondria) in both atria and ventricles although there may have been discrete transitions in normal architecture or even quantitative changes [64] . It is possible that a much longer period is required to invoke an effect at the histological level. Capasso et al. [66] showed that myocardial damage characterised by fibrosis was observed in rat hearts after 8 months of ethanol feeding. However, one can argue that the results showing the lack of effect on the mitochondria were unsurprising if adaptive mechanisms had arisen. To test this assumption, the studies were repeated using the acute dosage regimen with the acetaldehyde dehydrogenase inhibitor cyanamide (in order to exaggerate the physiological perturbations). The analysis was also extended to include the guanine nucleotides which are particularly important for protein synthesis and other cellular reactions such as guanyl-nucleotide binding protein activation cycles, the TCA cycle and gluconeogensis [65] . Increments in AMP and GMP levels occurred following cyanamide and cyanamide plus ethanol treatment, but not as a consequence of ethanol alone. Cyanamide plus ethanol caused marked elevation in ADP levels and again ethanol also was without effect. ATP and GTP levels were not Table 1 Effect of acute alcohol and cyanamide upon cardiac nucleotides Pretreatment Treatment ATP ( ymol/g wet weight) (I) NaCl Male Wistar rats approximately 150 g body weight were pm-injected i.p. with either 0.15 mol/l saline (NaCI) or cyanamide (5 mmol/kg body weight), and after 30 min. followed by injection (i.p.) with either saline or ethanol (75 mmol/kg body weight). 150 min later rats were killed and tissues rapidly freeze-clamped.
All data are means k s.e.m. of 8-9 observations. Differences were assessed with Student's t-test using the pooled estimate of variance. Significance (P) was assumed when control rats (group 1) versus treated rats was < 0.05, NS = not significant. From Pate1 et al. [65] .
at Pennsylvania State University on February 21, 2013 http://cardiovascres.oxfordjournals.org/ Downloaded from V.R. Preedy et ul./CurdiouuscuIur Reseurch 31 (1996) 139-147 altered by any of the acute treatments (Table 1 ; [65] ). The energy charge was slightly reduced in both cyanamide and cyanamide plus ethanol groups (-8%, P < 0.01 and -7%, P < 0.05 respectively), but not by ethanol alone [65] . Thus it seems that chronic alcohol feeding has no effect upon cardiac nucleotides, implicating the role of alternative pathways. Furthermore, despite the clear evidence that ethanol with or without cyanamide pre-treatment reduces rates of heart protein synthesis, results from the acute study are suggestive of mechanisms other than limitations in either ATP or GTP [64, 65] .
Relationship of alcohol and reduced rates of protein synthesis in hypertension
Various studies have shown that hypertension is associated with an elevation in ethanol intake [67] . However, the relationship between ethanol, hypertension and protein synthesis is generally unknown. The concept of metabolic superimposition implies that these relationships may be complex. Certainly, the hypertrophied left ventricle has a reduced ability to adapt to ischaemic stress [68] . To address the question of whether the imposition of hypertensive stress potentiates or ameliorates the effects of ethanol, studies were carried out in a surgical model of hypertensive heart muscle disease (the aortic constricted rat; Table  2 [69]). The data showed that in the left ventricle the presence of hypertensive stress on protein synthesis is at least additive, and that this additional response is specific for the left ventricle, compared to the right ventricle, left atrium or right atrium (Table 2; [69]). Jones et al. [70] also examined a hypertensive rat model (i.e., SHR), and presented evidence showing that extended treatments with alcohol perturbed mechanical performance of hypertrophied rat heart. Other groups have also previously shown that ethanol administration reduces cardiac contractility in the presence of ancillary distress, such as that caused by either dobutamine (a beta-adrenergic inotropic agent which enhances contractility) or angiotensin [71, 72] . The mechanisms causing the enhanced sensitivity of the hypertrophied left ventricle in response to acute alcohol dosage are not known. The difficulties in elucidating these processes are compounded by the large number of cardioactive analytes that are altered by ethanol dosage, i.e., cortisol, renin, aldosterone, arginine, vasopressin or/and adrenergic activity [73, 74] . Nevertheless, this exaggeration of ethanol's deleterious effects on the heart may provide a biochemical explanation for the fact that hypertensive patients who continue to misuse alcohol are poorly controlled [75, 76] . Compared to normotensive alcohol abusers, hypertensive patients who are alcoholics have greater abnormalities in left ventricular function, for example abnormal ratios of left ventricular pre-injection to ejection time [77] .
Protein changes in chronic ethanol toxicity
Although the study of Preedy and Peters [32] showed that chronic ethanol consumption reduced the total amount of cardiac myofibrillary proteins, these original experiments can be criticized on the grounds that total contractile proteins were isolated. Indeed there is a proportion of contractile proteins that cannot be extracted from the stroma1 fraction by differential solubility techniques [78] . Although one-dimensional electrophoresis has limited applicability, electrophoresis in the two-dimensional mode has been used to characterise cardiac protein abnormalities in the clinical situation [79-811. Using this methodology and loading identical amounts of protein per gel, we have shown that a large number of proteins are altered in ethanol-treated rats, the majority showing a decrease in expression. Out of approximately 400 identifiable proteins, 10% were significantly altered by chronic ethanol feeding for 6 weeks. Several proteins appeared to show similar electrophoretic characteristics to those identified from human myocardial tissue (V.B. Patek J.M. Corbett, P.J. Richardson, M.J. Dunn and V.R. Preedy, unpublished data) . The following appeared to be affected by alcohol: heat shock protein (HSP 60, -61%, P < 0.025 and HSP 70, -34%, P < 0.001) desmin (isoforms decreasing by 21% and 40%, P < 0.025). In contrast, the relative proportions of actin, vimentin, tropomyosin and myosin light chains I and II showed no significant changes, although there were a number of proteins that could not be identified which were also significantly altered. The nature of these protein changes needs further elucidation, i.e., via the application of microsequencing and immunoblotting. Nevertheless, the study emphasizes the applicability of two-dimensional protein profiling to alcohol toxicity studies.
Compensatory changes occur during chronic ethanol intake, which may be related to enzyme induction (for example in liver oxidizing enzyme systems; [82] ). Although it is uncertain whether these processes are adaptive or destructive, similar diversity between acute and chronic effects of ethanol occurs in other cardiac-mediated responses (reviewed in [83] ). With respect to the changes in protein synthesis, chronic ethanol feeding induces an increase in contractile protein synthesis, though the effects on mixed myocardial proteins are not overtly altered. This reaffirms that, with regards to peptide formation during ethanol administration, compensatory adaptive mechanisms do indeed occur. The paradoxical increase in contractile protein synthesis and decrease in contractile protein content indicates that protein degradation increases.
Conclusions
This review emphasizes the need to carry out studies in vivo. In the chronic situation, adaptation may occur, and the synthesis of the contractile proteins actually increases. Nevertheless, the initial response to ethanol is a reduced rate of protein synthesis and this has formed the focus of detailed investigative studies. All protein fractions and possibly subcellular organelles are affected by ethanol and acetaldehyde is also a potent synthetic perturbant. Whilst the defects in the synthesis of myofibrillary proteins may be related to defective contractility, the reduced synthesis of mitochondrial proteins is difficult to place into perspective as nucleotide levels are generally maintained. These paradoxical responses, together with the adaptation phenomena, require further elucidation. 
